While peaked T-waves have traditionally been associated with hyperkalemia cases, previous studies have called their reliability for hyperkalemia diagnosis into question. This study examined 89 ESRD patients totaling to 736 patient visits. Linear regressions and receiver operating characteristic (ROC) analyses were utilized to assess the reliability of peaked T-waves as a diagnostic criterion for hyperkalemia. Poor correlations between T/R ratio (leads V2-V4) and serum potassium were found, r = 0.23, 0.17, and 0.17, < 0.001. R 2 values ranged from 0.03 to 0.05. ROC analysis found poor sensitivity and specificity of T/R as a predictor of hyperkalemia (area under the curve: 0.61 -0.66), threshold yielded a sensitivity of 0.83 with a specificity of 0.40 when predicting hyperkalemia (serum potassium > 5.5 mEq/L). We conclude that the peaked T-wave is a poor indicator for the early identification of hyperkalemia in ESRD patients presenting to the emergency department.
INTRODUCTION
Chronic kidney disease (CKD) is a common disorder that predisposes patients to dangerous metabolic conditions. 1 Hypertension and diabetes mellitus are known risk factors for the development of CKD. The primary causes of renal failure are diabetic glomerulosclerosis and hypertensive nephrosclerosis, although chronic kidney disease has been known to precipitate from infections and exposure to illicit drugs and toxins, particularly in developing countries. 2 Kidney dysfunction that progresses to the point that regular dialysis or a kidney transplant is required is defined as end-stage renal disease (ESRD). 2 Hyperkalemia is defined as a serum potassium greater than 5.5 mEq/L and is a life-threatening electrolyte imbalance frequently observed in ESRD patients. 1, 3 In these patients, impaired glomerular filtration rate combined with the extracellular shift of potassium caused by acidosis impair the ability to excrete potassium. 1, 4 Hemodialysis is a common means for ESRD patients to maintain healthy electrolyte levels; however, at least one study has shown that the long hiatus from dialysis experienced during the weekend increases the risk of electrolyte imbalance formation, particularly hyperkalemia, and subsequently the risk of sudden cardiac death. 3 Only modest changes in serum potassium in patients with existing cardiovascular or renal disease can lead to increased risk of hospitalization or death. 1,5
Hyperkalemia induces a wide range of vague symptoms, particularly muscle spasms, nausea, and vomiting. 6 Additionally, it works through a number of mechanisms to impair myocardial electrical conduction. Mild hyperkalemia, serum potassium between 5.5 -6.5 mEq/L, 7 inhibits voltage-gated sodium channels by reducing the resting membrane potential. The subsequent decrease in Vmax of these sodium channels blunts the rate of depolarization during phase 0 of the action potential, causing P-wave and QRS duration prolongation. 7 When serum potassium rises above 6.5 mEq/L, 7 IKr-mediated potassium currents increase due to heightened channel sensitivity from high extracellular potassium. Subsequent membrane repolarization during phase 3 of the myocardial action potential occurs more rapidly and thus with greater magnitude, manifesting as short-duration, peaked T-waves on ECG. 7 Figure 1 shows a hyperkalemic patient's ECG with peaked T-waves and a prolonged QRS interval (A), as well as one from a different hyperkalemic patient that has normal T-waves and a standard QRS interval (B). As serum potassium progresses to well above 8.0 mEq/L, the QRS complex widens substantially and can fuse with the T-wave, forming a classic sine-wave ECG pattern that is indicative of impending cardiac arrest from ventricular fibrillation or asystole. Since hyperkalemia may cause serious cardiac complications, rapid identification and treatment are essential to improving outcomes. Clinical guidelines suggest the utilization of 12-lead electrocardiograms (ECGs) to detect hyperkalemia alongside blood tests. 9 However, the status of peaked T-waves as indicators of hyperkalemia has been called into question in some recent retrospective studies. A review of 127 instances of diagnosed hyperkalemia showed that only 46% had any ECG changes suggestive of hyperkalemia; furthermore, the severity of hyperkalemia had no significant correlation with the presence of classic ECG signs. 10 A study of 74 hemodialysis patients reported no significant differences in T-wave amplitudes and T/R ratios in the precordial leads between normal and elevated serum potassium level. 11 In another review of 90 hyperkalemic patients, only 24 were noted to have T-wave abnormalities, with 21 of those noted as non-specific changes by reading cardiologists; furthermore, only 47 of the 90 patients had any ECG changes at all. 6 The diagnostic difficulties caused by the unreliability of classic hyperkalemic ECG changes are exacerbated by the tendency of hyperkalemia to cause other, non-specific cardiac abnormalities. Severe hyperkalemia can also manifest in heart blocks, including fascicular blocks, bundle branch blocks, and complete heart block. 13 The effect of hyperkalemia on ventricular repolarization has been known to cause widespread ST-elevation mimicking acute myocardial infarction patterns. 6, 13 Thus, even when hyperkalemia is manifesting in ECG changes, a clinician must be ready to screen out extraneous changes that suggest other dangerous conditions before chiefly suspecting hyperkalemia. Thus, if peaked T-waves are to be utilized as a diagnostic criterion, favorable sensitivity and specificity for ECG-based parameters must be established.
Our study examines ECG and electrolyte data from 89 ESRD patients who have undergone hemodialysis for at least three months. We examined whether or not peaked T-waves are reliable indicators of hyperkalemia in ESRD patients.
METHODS AND PROCEDURES
This study was a retrospective chart review of a cohort of dialysis patients at an inner city county hospital in a major metropolitan city. Eighty-nine ESRD patients were included in the review who visited Ben Taub General Hospital between June 2012 and June 2014. The study was approved by the Baylor College of Medicine institutional review board. Patients were included if they were older than 18 years of age and received dialysis for more than 3 months. Patients were excluded if they did not have a readable ECG tracing or a recorded basic metabolic panel associated with their tracing.
A total of 89 patients (49 male) were enrolled and 736 data points were recorded. Each data point was a unique patient-visit for emergent dialysis, consisting of one ECG and corresponding electrolyte levels. ECGs used were from intake before any treatment was administered. Peaked T-0.75 was used to calculate its prevalence. T-wave and R-wave amplitudes were measured by hand on printed ECGs for leads V2, V3, and V4. ECG data was measured without knowledge of serum potassium level.
Data points were excluded if the electronic interpretation of the ECGs included left ventricular hypertrophy, right or left bundle branch block, or artificial pacemaker spikes. Furthermore, ECGs with a wandering baseline or other characteristic that prevented a reliable measurement of T/R were excluded. Unreadable R-wave amplitudes due to low voltage were also excluded. To assess our hypothesis that peaked T-waves are poor clinical indicators of hyperkalemia, we assessed for an association between T/R ratio and serum potassium level with linear regression models in leads V2, V3, and V4, and an interaction with calcium level was assessed for. Then, to determine the how well peaked T-wave performed as a diagnostic criterion for hyperkalemia, we ran receiver operating characteristic analyses. Custom statistical packages (PSPP and R) and plotting software (Microsoft Excel) were utilized for analysis. The specialized R package ROCR was utilized for receiver operating characteristic visualization and analysis. 
RESULTS
The mean potassium level ([K + ]) for the data set was 5.9 (± 0.9) mEq/L, and [K + ] ranged from 3.1 -8.4 mEq/L. There were 49 males (55%) and 40 females (45%) in the cohort. The sample overwhelmingly identified as Hispanic/Latino (96%). The mean age of the participants was 46.6 (± 15.1) years. The prevalence of acute hyperkalemia was 74%. Using the definition of a peaked T--wave appearance in any of V2, V3, or V4 was 59.5%. Specific prevalence of peaked T-waves in V2, V3, and V4 were 48.0%, 39.0%, and 21.1% respectively. Demographics of participants and descriptive statistics for collected data is summarized in Table 2 . Statistical correlation of T/R ratio vs. serum potassium, by lead. A multiple regression analysis on T-wave to R-wave amplitude ratios vs. serum potassium levels revealed poor correlations. Correlation coefficients ranged from 0.17 -0.24, showing weak effects of serum potassium on T/R ratio. All adjusted R 2 values are at or under 0.05, indicating that no more than 5% of the variability in T-wave amplitudes or T/R ratios could be explained by serum potassium levels. * < 0.001 Linear correlation data is summarized in Table 2 . Regression analysis of T/R ratio vs. serum potassium for V2, V3, and V4, yielded poor correlations, with coefficients of r = 0.23, r = 0.17, and r = 0.17, respectively. While all correlations were statistically significant, < 0.001, variance accounted for by these models was limited, with R 2 values of 0.05, 0.03, and 0.03, respectively. No more than 5% of the variance in T/R ratio was accounted for by the linear model with serum potassium. Scatter plot showing T/R ratio vs. serum potassium for V4 is shown in Figure 2 . The linear partial correlation was run while controlling for serum calcium. No changes in correlation significance or effect size were observed (data not shown). . Right-hand graph shows ROC curves for T/R ratio as a diagnostic criterion for severe hyperkalemia (serum .5 mEq/L). The area under the curve (AUC) was calculated for each curve. All six ROC curves had AUCs significantly higher than the diagonal reference line with AUC = 0.5, < 0.001. AUCs for the curves ranged from 0.61 to 0.66.
Sensitivity and specificity were calculated for the peaked T-+ mEq/L), sensitivity and specificity were 0.83 and 0.40, respectively. For severe hyperkalemia ([K + specificity were 0.88 and 0.27, respectively. Receiver operating characteristic (ROC) analysis was utilized with T/R ratio as a predic Optimal T/R ratio predictive thresholds were calculated by finding the maximum summed square of sensitivity and specificity. The area under the curve (AUC) was computed. The ROC curves are presented in Figure 3 . Results of the analysis are summarized in Table 3 . Optimal T/R ratio predictive thresholds for hyperkalemia in V2, V3, and V4 were 0.88, 0.81, and 0.42, respectively. Sensitivities (and specificities) for these thresholds were 0.61 (0.61), 0.59 (0.66), and 0.62 (0.66), respectively. Computed AUCs of the ROC curves for T/R ratio for both hyperkalemia and severe hyperkalemia ranged from 0.60 to 0.66, < 0.001.
Lead
Optimal Table 3 . Summary of receiver operating characteristic analysis on T/R ratio. Receiver operating characteristic (ROC) analysis was run on T/R ratio for n optimal T/R ratio threshold was determined for each lead by optimizing true positive rate while minimizing false positive rate. These thresholds are reported above with the corresponding sensitivity and specificity values. The area under each ROC curve was computed and revealed poor criterion performance, with all calculated areas between 0.61 and 0.66. * < 0.001 DISCUSSION Our study examined 89 end-stage renal disease patients receiving emergent dialysis for at least three months. T/R ratio has statistically significant but clinically poor correlation with serum potassium. The optimal correlation was noted in lead V2, where still only 5% of the variation in T/R ratio was accounted for by serum potassium. Furthermore, receiver operating characteristic (ROC) analysis on T/R ratio in V2, V3, and V4 as predictive of hyperkalemia ([K + + ] d specificity also yielded poor performance, with sensitivities ranging from 0.55 to 0.62, and specificities ranging from 0.61 to 0.66. We conclude that T/R ratios have poor predictive value for the occurrence of hyperkalemia in ESRD patients.
Our results largely replicate past studies showing poor sensitivity and specificity of peaked T-wave presentation in hyperkalemic patients. 6,10,11 Aslam et al. found that serum calcium had was a significant variable when using a linear model on T-wave height in ESRD patients. 11 Our study contradicts this and found that when added as a variable, serum calcium did not affect the correlation of the linear model compared to serum potassium alone. Wrenn et al. found that sensitivity and specificity of the peaked T-wave, as determined by physician readers, mildly improved when predicting severe hyperkalemia ([K + ] > 6.5 mEq/L) compared to hyperkalemia ([K + ] > 5.5 mEq/L). 13 We ran two separate ROC analyses for these two serum potassium cutoffs. Our results contradicted Wrenn et al., finding that criterion performance did not significantly change between the two potassium cutoffs.
Our study has several limitations. As this was a retrospective study, several general biases may have affected our conclusions. First, hospital protocol dictated that 12-lead ECGs were taken on those suspected of cardiac ischemia or hyperkalemia, limiting the availability of healthy controls. Additionally, hospital lab protocol did not screen blood samples for falsely elevated potassium levels from hemolysis; however, this was considered insignificant because treating physicians trusted this lab data in clinical decision-making. This study was specific to ESRD patients and does not provide evidence for or against the use of peaked Twaves as a diagnostic criterion for hyperkalemia in patients with normal kidney function. The participants in this study were overwhelmingly Hispanic/Latino, and caution should be taken in applying these results to all races and ethnicities. Additionally, this study examined only the T-wave characteristic on ECG. Future studies should incorporate other variables such as PR interval, QRS duration, and QTc interval, which can be altered by potassium imbalances. 7,8
CONCLUSIONS
-waves are poor clinical indicators of hyperkalemia in ESRD patients presenting to the emergency department.
